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0HWKRG )(0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WR GHVFULEH WKH SODVWLF EHKDYLRU RI WKHZRUNSLHFHPDWHULDO DW
KLJKWHPSHUDWXUHVDQGVWUDLQUDWHVDVVRFLDWHGZLWKJULQGLQJ>@
0DQ\ PDWHULDO PRGHOV KDYH EHHQ XVHG IRU WKH QXPHULFDO
VLPXODWLRQ RI PHWDO FXWWLQJ SURFHVVHV ZKLFK WUHDWHG WKH
ZRUNSLHFH DV DQ HODVWLF >@ HODVWRSODVWLF >@ RU D
WKHUPRSODVWLF >@ PHGLXP 7KH -RKQVRQFRRN PRGHO LV D
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VLQJOHJUDLQVFUDWFKFKDUDFWHULVWLFVUHJDUGLQJWKHIRUFHYDOXHV
DQG WKH FKLSSLQJ PHFKDQLVP DUH H[WHQGHG WR WKH DJJUHJDWH
DFWLRQRIFXWWLQJJUDLQV LQJULQGLQJSURFHVV7KHH[WHQVLRQLV
SHUIRUPHG WKURXJK GHILQLQJ D VXLWDEOH SUREDELOLW\ GHQVLW\
IXQFWLRQIRUWKHUDQGRPGLVWULEXWLRQRIFXWWLQJJUDLQVDFFRUGLQJ
WRWKHPHDVXUHGWRSRJUDSK\RIWKHJULQGLQJZKHHOVXUIDFHE\
XVLQJFRQIRFDOPLFURVFRS\7KHSDUDPHWHUVRIWKHFRQVLGHUHG
*DPPDSUREDELOLW\GHQVLW\IXQFWLRQDUHDFFRUGLQJO\H[WUDFWHG
0RGHOLQJRIF\OLQGULFDOJULQGLQJSURFHVV
2.1. FEM simulation of single-grain scratch 
7KH DFWLRQ RI D VLQJOH F%1 JUDLQ RQ D &U VWHHO
ZRUNSLHFHLVVLPXODWHGIRUWZRQRPLQDOJUDLQVL]HV݀ P
DQGPDQGXQGHUGLIIHUHQW FXWWLQJFRQGLWLRQV GHSWKRI
FXWDQGFXWWLQJYHORFLW\7KHJUDLQJHRPHWU\LVFRQVLGHUHGDV
ORIWHGKH[DJRQDOYROXPHVHPEHGGHGLQVSKHUHVZLWKGLDPHWHUV
HTXDOWRWKHQRPLQDOJUDLQVL]H)LJXUH)LYHFXWWLQJYHORFLW\
OHYHOVݒ௖ PVDQGWZRJUDLQGHSWKRIFXW
OHYHOV ܽ௚ PDUHFKRVHQIRU WKH)(0VLPXODWLRQ7KH
PDWHULDO SURSHUWLHV DQG WKH FRHIILFLHQWV RI WKH FRXSOHG
FRQVWLWXWLYHUHODWLRQDUHWDNHQIURPWKHZRUNRI+RUHWDO>@
7KH QRUPDO DQG WDQJHQWLDO IRUFH FRPSRQHQWV DORQJZLWK WKH
PDWHULDO UHPRYDOSORXJKLQJ EHKDYLRU DUH H[WUDFWHG IURP WKH
)(0UHVXOWV

)LJXUH6LQJOHJUDLQVFUDWFKNLQHPDWLFVDQGWKHJUDLQJHRPHWU\
,QRUGHUWRTXDQWLI\WKHFKLSIRUPDWLRQDQGPDWHULDOUHPRYDO
FKDUDFWHULVWLFVDSDUDPHWHULVGHILQHGDVWKHUHODWLYHFKLSDUHD
ߟ௖7KHUHODWLYHFKLSDUHDLVWKHUDWLRRIWKHUHPRYHGPDWHULDO
FURVV VHFWLRQ DUHDܣ௖ െ ܣ௣ WR WKH SORXJKHG PDWHULDO SLOHXS
FURVVVHFWLRQDUHDܣ௣ DQGFDQEHH[SUHVVHGDV
ߟ௖ ൌ
ܣ௖ െ ܣ௣
ܣ௖
ൌ ͳ െ
ܣ௣
ܣ௖
 
)LJXUH LOOXVWUDWHV WKHJHRPHWULFDOSDUDPHWHUVRID VLQJOH
JUDLQVFUDWFKDQGWKHWZRDUHDVܣ௣GDUNKDWFKHGDQGܣ௖OLJKW
KDWFKHG LQ WKH SODQH QRUPDO WR WKH FXWWLQJ GLUHFWLRQ ,W LV
DVVXPHG WKDW WKH SLOHXS JHRPHWU\ FDQ EH GHILQHG E\ WZR
SDUDPHWHUV SLOHXS KHLJKW݄௣  DQG SLOHXS DQJOHߚ  ,Q RWKHU
ZRUGV WKH SLOHXS YROXPH LV HTXDOO\ GLVWULEXWHG RQ WKH ERWK
VLGHV RI WKH VFUDWFKZKLFK IRUPV HTXLODWHUDO WULDQJOHV LQ WKH
SODQHVQRUPDOWRWKHFXWWLQJGLUHFWLRQ

)LJXUH6LQJOHJUDLQVFUDWFKFURVVVHFWLRQDUHDVDQGSDUDPHWHUV
/DUJHUYDOXHVRIUHODWLYHFKLSDUHDDSSURDFKLQJDUHIDYRUDEOH
LQWHUPVRIJULQGLQJHIILFLHQF\$YLHZRIWKHVFUDWFKVLPXODWHG
ZLWK ݒ௖  PV DQG ݀  P JUDLQ VL]H ZLWK PD[LPXP
SHQHWUDWLRQGHSWKRIܽ௚ PQRUPDO WR WKHFXWWLQJGLUHFWLRQ
DQGWKHHIIHFWLYHVWUHVVGLVWULEXWLRQDUHSUHVHQWHGLQ)LJXUH
)LJXUHVKRZVWKHFRUUHVSRQGLQJIRUFHFRPSRQHQWV

)LJXUH6FUDWFKFURVVVHFWLRQDQGWKHHIIHFWLYHVWUHVVGLVWULEXWLRQ

)LJXUH6LPXODWHG1RUPDODQGWDQJHQWLDOIRUFHFRPSRQHQWVRIDVFUDWFK
7KHYDULDWLRQVRI WKH IRUFHFRPSRQHQWVDQG WKH UHODWLYHFKLS
DUHDZLWKFXWWLQJYHORFLW\UHIOHFWWKHGHSHQGHQF\RIWKHPDWHULDO
SURSHUWLHVRQWKHVWUDLQUDWH7KHWDQJHQWLDOJULQGLQJIRUFHDQG
UHODWLYHFKLSDUHDYDOXHVDUHSUHVHQWHGLQ)LJXUHDQG)LJXUH
UHVSHFWLYHO\


)LJXUH9DULDWLRQVRIWDQJHQWLDOIRUFHZLWKFXWWLQJYHORFLW\DQGGHSWKRIFXW
7KHLQFUHDVLQJDQGGHFUHDVLQJEHKDYLRURIWKHUHODWLYHFKLSDUHD
ZLWK FXWWLQJ YHORFLW\ ZKLFK LV DOVR REVHUYHG LQ WKH IRUFH
GLDJUDPWRDVPDOOHUGHJUHHFDQEHDVVRFLDWHGZLWKWKHFRXSOHG
PDWHULDOPRGHO,QVPDOOVWUDLQUDWHYDOXHVWKHZRUNKDUGHQLQJ
LVWKHGRPLQDQWSKHQRPHQRQZKHUHWKHFKLSUHPRYDOLVPRUH
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7KLV YDULDWLRQ FRXOG EH GXH WR WKH IDFW WKDW LQ UHDO JULQGLQJ
FRQGLWLRQVWKHQXPEHURIFXWWLQJHGJHVJHWVQRUPDOO\VPDOOHU
RZLQJWRWKHJUDLQEUHDNDJHDQGSXOORXWZKLFKOHDGVWRIHZHU
DFWLYHJUDLQVDQGFRQVHTXHQWO\VPDOOHUIRUFHYDOXHV,QDGGLWLRQ
WRWKDWWKHDFWXDOJUDLQVDUHQRUPDOO\VKDUSHUWKDQSXUHVSKHUHV
RZLQJWRWKHSUHVHQFHRIQXPHURXVFXWWLQJHGJHVDQGFRUQHUV


)LJXUH([SHULPHQWDODQGVLPXODWHGQRUPDOJULQGLQJIRUFHYDOXHV
7KH VLPXODWHG JURXQGZRUNSLHFH WRSRJUDSK\ LV SUHVHQWHG LQ
)LJXUH  7KH VLPXODWHG DYHUDJH URXJKQHVV Ra LV DERXW
PZKLFK LV VOLJKWO\ ODUJHU WKDQ WKHPHDVXUHG YDOXH RI
P ,Q DGGLWLRQ WR WKH ODFN RI JUDLQ EUHDNDJH LQ WKH
VLPXODWLRQWKLVGHYLDWLRQLQURXJKQHVVYDOXHVFDQEHDVVRFLDWHG
ZLWK QHJOHFWLQJ WKH UXEELQJ HIIHFW RI WKH ERQG ZKLFK
VPRRWKHQVWKHZRUNSLHFHVXUIDFH

)LJXUH*URXQGZRUNSLHFHVLPXODWHGZLWKݒ௖ PVDQGݒ௙ PPPLQ
&RQFOXVLRQ
,Q WKLV VWXG\ D FRXSOHG WHPSHUDWXUH DQG VWUDLQUDWH
FRQVWLWXWLYHPDWHULDOPRGHOZDVXVHGLQWKH)(VLPXODWLRQRID
VLQJOH JUDLQ VFUDWFK RQ VWHHO 7KH PRGHO SUHGLFWV ZRUN
KDUGHQLQJ DQG WKHUPDO VRIWHQLQJ GRPDLQV IRU WKH FXWWLQJ
SURFHVV,WZDVVKRZQWKDWZLWKWKHVDPHGHSWKRIFXWVKDUSHU
JUDLQV H[KLELW VPDOOHU IRUFHV DQG PRUH HIILFLHQW PDWHULDO
UHPRYDO
$YLUWXDOJULQGLQJZKHHOPRGHOZDVJHQHUDWHGEDVHGRQWKH
DFWXDOZKHHOWRSRJUDSK\PHDVXUHPHQWFRQIRFDOPLFURVFRS\
DQGDSUREDELOLW\GHQVLW\IXQFWLRQIRUWKHVWRFKDVWLFGLVWULEXWLRQ
RIWKHF%1JUDLQV([WHQVLRQRIWKH)(0IRUFHFRPSRQHQWVDQG
PDWHULDO UHPRYDO SHUIRUPDQFH FKLS IRUPDWLRQ YV PDWHULDO
SLOHXS WR WKH DJJUHJDWH DFWLRQ RI JUDLQV YLD WKH JULQGLQJ
NLQHPDWLFV OHG WR WKH SUHGLFWLRQ RI JULQGLQJ IRUFHV DQG
ZRUNSLHFHVXUIDFHWRSRJUDSK\7KHVLPXODWHGIRUFHUHVXOWVDUH
TXDOLWDWLYHO\ LQ DFFRUGDQFH ZLWK WKH H[SHULPHQWV EXW WKHLU
YDOXHV DUH ODUJHU DV WKH DFWXDO JUDLQV LQFRUSRUDWH H[WUHPHO\
VKDUSHGJHVVPDOOHUIRUFHVLQFRPSDULVRQZLWKGHILQHGVKDSH
DVVXPSWLRQVIRUWKHFXWWLQJJUDLQV
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